Corrosion of oil and gas pipelines significantly reduces the service life of the pipelines, thus increasing costs, and more seriously, it can cause catastrophic environmental accidents. More recently, the exploitation of oil in ultra-deep seawater fields is facing new technological challenges in material selection owing to the extreme production conditions. Thus, the development of organic coatings as protective layers for steel pipelines is of crucial importance against highly corrosive environments. In this work, fusion bonded epoxy (FBE) coatings were deposited onto chemically functionalized carbon steel surfaces with organosilanes to investigate the potential applications in protection against corrosion and degradation in harsh marine environments. Carbon-steel API 5L X42 (American Petroleum Institute Standard grade) was chemically functionalized with two organosilanes, 3-APTES [(3-Aminopropyl)triethoxysilane], and 3-GPTMS [(3-Glycidyloxypropyl)trimethoxysilane], followed by the deposition of FBE composite coatings. The systems were extensively characterized with respect to each component as well as the steel-coating interface. The contact angle measurements and Fourier transform infrared spectroscopy (FTIR) results clearly indicated that the steel surface was effectively modified by the functional amine and glycidyl silane groups, leading to the formation of interfacial covalent bonds with increased hydrophobicity compared to bare steel surfaces. In addition, the morphological and chemical characterizations of FBE by scanning electron microscopy, atomic force microscopy, X-ray diffraction, and FTIR showed that it is composed of an epoxy-based organic matrix of bisphenol-A diglycidyl ether (DGEBA) reinforced with uniformly dispersed inorganic phases of calcium silicates and TiO 2 particles. Moreover, the chemical functionalization of the steel surfaces with amino and glycidyl silanes significantly altered the interfacial forces with the FBE coatings, resulting in higher adhesion strength for 3-APTES-modified steel compared to 3-GPTMS-steel; however, both mostly showed cohesive rupture mode in the FBE component.
Background
The global oil and gas industry has been developing rapidly owing to the discovery of oil fields at ultra-deep seawater, and this has posed several new challenges for the exploitation and production of petroleum. Materials used in these conditions are subjected to extreme pressure, temperature, and corrosion and the associated technological issues must be addressed with consideration of engineering, economic, and environmental constraints [1] [2] [3] . Pipelines for oil transportation that are mainly made of steel have some of the following key advantages: (a) relatively low cost; (b) high efficiency; (c) short construction period; (d) safe and environmentally friendly application; (e) suitability for all global geographies. High-strength low-alloy (HSLA) steels have been widely used for crude oil pipeline transportation in the petroleum industry [1] .
API-5L X-type grade steel is one of the most common pipeline materials in the oil industry. They are usually considered as more cost-effective and safer than any other types of steel. However, such pipelines used for the exploitation and transport of oil and gas are usually buried underground, undersea, or immersed in marine salty water, where they can get severely corroded [4] [5] [6] [7] . Thus, single or multilayer protective coatings are generally used for external and internal corrosion protection of pipelines in gas/ oil transmission and distribution. The key aspects for corrosion protection are adhesion of the coating to the steel surface, and resistance of the coating to permeation of water, oxygen, and/or ions. Hence, fusion-bonded epoxy (FBE) coatings or a combination of FBE with other materials forming multilayers are widely used for corrosion protection of gas/oil pipelines [8] [9] [10] . Epoxy-based polymers such as FBE are the widely used for gas/oil pipelines because they exhibit high chemical resistance, very low permeability to chloride ions, good mechanical flexibility, strong adhesion to steel, and suitable processing characteristics, leading to improved corrosion protection and operational lifetime of the pipelines. However, epoxy coatings can easily absorb moisture, and the diffusion of absorbed water into the epoxy-steel interface owing to the presence of hydrophilic hydroxyl groups in the cured network (epoxy/amine reaction) weakens the interfacial adhesion strength between the epoxy and steel in a corrosive environment, causing system failure [11, 12] . Thus, the improvement of the adhesion at the steel-epoxy interfaces by using organosilanes primers can be considered an important strategy for inhibiting the corrosion mechanisms. Surprisingly, although there have been a few studies on the use of steel that is chemically modified by silanes for improving the adhesion with epoxy coatings [13, 14] , no report was found in the consulted literature in which a system composed of steel-primer-FBE was systematically and extensively characterized by considering each individual component and the interfaces between them. Hence, the main goal of this study was to prepare hybrid organic-inorganic FBE coatings using sol-gel chemistry for the functionalization of the steel surfaces to improve the interfacial properties for improved adhesion and protection against corrosion. , River Place Blvd., Austin, USA) was used as the coating material. Deionized (DI) water (Millipore Simplicity ™ ) with resistivity of 18 MΩ cm was used in the preparation of all solutions. All of the preparations and syntheses were performed at room temperature (25 ± 2 °C) unless specified otherwise. Potassium bromide (Sigma-Aldrich, USA, ≥99 %, KBr), suitable for spectroscopy, was used to prepare the FTIR samples.
API-5L X42-PSL2 (Product Specifications Level class#2) rolled steel plates with thickness of about 9.5 mm were used as the substrate in all the experimental tests. This steel is commercially available, and its typical chemical composition and mechanical properties are listed in Table 1 [15] .
Methods and protocols

Characterization of steel substrate
The chemical composition and mechanical properties of the steel plate were supplied by the manufacturer. Microstructural characterizations were carried out using optical microscopy (OM) and scanning electron microscopy (SEM) coupled with energy dispersion X-ray spectroscopy (EDX, EDAX GENESIS). The specimens for the OM and SEM observations were prepared using Nital (2 %) etching solution on the specimen's surface. Table 1 Chemical and mechanical requirements for API 5L X42 PSL2 steel [15] a For each reduction of 0.01 % below the specified maximum carbon content, an increase of 0.05 % above the specified maximum manganese content is permissible, up to a maximum of 1.50 % b Seamless c Welded d Niobium, vanadium, or combinations thereof may be used at the discretion of the manufacturer. The sum of the niobium, vanadium, and titanium contents shall not exceed 0.15 % e When the carbon content is less than or equal to 0.12 %, the carbon equivalent shall be calculated using the following formula for CE(Pcm) CE(Pcm) = C + + 5B f When the carbon content is greater than 0.12 %, the carbon equivalent shall be calculated using the following formula for CE(IIW)
Chemical composition (%wt)
Carbon, maximum Before the chemical attack, the specimens were ground using sandpaper of 100-1000 mesh. Then, a polishing process was performed using diamond paste (1 μm) as the abrasive material. Finally, the grinding and polishing residues were removed using water, ethanol, and drying. Atomic force microscopy (AFM) was also used for steel plate characterization. Analyses were conducted using the Park Systems/XE70 microscope in non-contact mode and a cantilever with a force constant equal to 42 N/m.
Surface cleaning and activation of API-5L X42-PSL2
Prior to the deposition of FBE coatings, the steel samples were subjected to a specific surface treatment process. First, the specimens were cleaned by immersion in acetone for 10 min, followed by immersion in ethanol for 15 min, at room temperature, for mild degreasing and organic removal. Next, the chemical etching method with HCl solution (0.58 % v/v) was used for removing any oxidized species on the steel surface. The pieces were immersed in an acid bath for 20 min at 57 ± 3 °C under stirring. Finally, the steel surface was stabilized by immersion in hydrogen peroxide for 30 min, and dried in oven at 57 ± 3 °C for 4 h.
Functionalization of steel surface by organosilanes
After cleaning, the samples were immersed in a sodium hydroxide solution (5.75 % w/v) for 15 min. This preparation aimed at producing uniform and hydroxyl-activated steel surfaces for the subsequent chemical functionalization with organosilanes. Next, the specimens were dried with acetone and, lastly, chemically modified using 3-GPTMS or 3-APTES, as follows.
a. The 3-GPTMS was added in an aqueous/alcohol solution (80 % distilled water: 20 % methanol, pH = 5.0 ± 0.2 with acetic acid) to yield a 2 % (v/v) final concentration. The solution was allowed to hydrolyze for 48 h prior to use for the hydrolysis of alkoxide groups and silanol formation. Next, the specimens were immersed in this solution for 20 s and then cured at 150 ± 5
• C for 1 h for covalent bonds formation (Additional file 1: Figure S1 ). b. The 3-APTES was added in an aqueous/alcohol solution (90 % distilled water: 10 % methanol, natural pH) to yield a 2 % (v/v) final concentration. The solution was allowed to hydrolyze for 30 min prior to use for the hydrolysis of alkoxide groups and silanol formation. Next, the specimens were immersed in this solution for 30 s and then cured at of 70 ± 5 °C for 1.5 h for condensation reactions (Additional file 2: Figure S2 ). Table 2 presents the main characteristics of organosilanes and the deposition conditions used.
The influence of surface functionalization on the hydrophilic/hydrophobic behavior of the steel surface was estimated via contact angle measurements carried out by depositing DI water droplets (50 µL) on the steel surface. The apparatus used for measurements was a digital camera Canon Rebel T3 and image analysis software (ImageJ, version 1.44, public domain, National Institutes of Health).
Fourier transform infrared spectroscopy (FTIR) was used to characterize the presence of chemical groups at the surface of steel, in order to demonstrate the effectiveness of the developed procedure for functionalization. The attenuated total reflectance (ATR) mode was used (Nicolet 6700, Thermo Electron Corp.) within the range between 4000 and 675 cm −1 . Each spectrum was recorded with a resolution of 4 cm −1 with a total of 32 scans. Further, to obtain image mapping of the chemical groups, Nicolet iN10 Infrared microscope (Thermo Scientific) with OMNIC Picta microscopy software (Thermo Scientific) was used to collect images from the aminosilane-modified steel surface. The motorized stage and the Slide-On MicroTip Ge ATR crystal accessory obtained spectra over an area of 400 μm × 400 μm with 100 μm steps (X and Y) allowing area map collection (4000-675 cm −1 , 16 scans,
FBE coating
Characterization of FBE powder and coating The moisture content was determined gravimetrically after drying the sample powder at 110 ± 5 °C for 12 h. The material obtained (solids content) was calcined in an oven at 610 ± 5 °C for 2 h and the residue of calcination was associated with the filler present in the material. The resin content was obtained by calculating the difference between the solid content (100 %) and the filler content. The results were expressed as the percentage (% mass) of material obtained in each step of the assay. Thermogravimetric (TGA) and differential scanning calorimetry (DSC) analyses were performed using SDT Q-600 simultaneous TGA/DSC instrument (TA Instruments, ). The morphology of the FBE powder and FBE coating was evaluated using scanning electron microscopy (SEM, FEI-INSPECTTM S50) coupled with energy dispersion X-ray spectroscopy (EDX, EDAX GENESIS). Before examination, the samples were coated with a thin carbon film by sputtering under a low deposition rate, substrate cooling, and maximum distance between the target and sample in order to avoid sample damage. Images of secondary electrons (SE) were obtained with an accelerating voltage of 15 kV. The FBE particle size and size distribution data were obtained based on the SEM images by measuring at least 200 randomly selected nanoparticles using an image processing program (ImageJ, version 1.44, public domain, National Institutes of Health).
The crystalline phases present in the FBE powder were characterized by X-ray diffraction (XRD) patterns recorded using a PANalytical Empyream diffractometer (Cu-Kα radiation with λ = 1.5406 Å). Measurements were performed in the 2θ range of 15°-75° with steps of 0.06°.
The FBE powder was also analyzed by the diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) method (Nicolet 6700, Thermo Fischer) over the range of 4000-400 cm −1 using 64 scans and a 2 cm −1 resolution with subtraction of the KBr background. The powder samples were mixed in a ratio of 1 % (wt%) to KBr powder dried at 110 ± 5 °C for 2 h. The FBE coatings were evaluated in the range of medium and near infrared (NIR) wavelengths using attenuated total reflectance (ATR, 4000-675 cm −1 , 32 scans, and a 4 cm −1 resolution) and NIR integrating sphere (7400-4000 cm Deposition and cure of FBE on API 5L X42 steel surface FBE powder was deposited on the steel substrate and spread with a mold to guarantee homogeneous thickness. In the sequence, the system was heated at 248 ± 5 °C for 5 min and cooled down to 25 °C at room temperature, as schematically represented in Additional file 3: Figure S3 .
The coating was applied on the clean steel surface (bare steel) and on the chemically modified steel surface using 3-GPTMS or 3-APTES.
Adhesion tests according to ASTM D3359-09 [16] and ASTM D4541-09 [17] were carried out to measure the adherence in the FBE/steel interface after cleaning and after chemical modification with silanes. The ASTM D3359-09 test used 3 M ® adhesive tape Scotch ® 8809, an adhesive-based resin and rubber. For the ASTM D4541-09 test, the portable PosiTest brand (AT-M Manual Adhesion Tester) was used, with detection limit of 23.36 ± 0.01 MPa.
Results and discussion
Characterization of steel substrate
The chemical composition (according to ASTM A751 [18] ) and mechanical properties (according to ASTM A370 [19] ) of the steel plate used in this study are summarized in Table 3 . The results indicated that the AP1 5L standard specifications listed in Table 1 were fully complied. The microphotographs of API 5L X42 carbon steel under OM (200X) and SEM (1500X) are shown in Fig. 1a, b , revealing a ferrite-perlite microstructure. The white regions in the OM results are associated with perlite, which is hard and brittle, and the dark areas are the soft and ductile ferrite [20] . This ferrite-perlite microstructure is in agreement with the low carbon content of the sample, as determined by chemical analysis (0.13 wt%, Table 3 ) [21] . The ferrite grain size was obtained by OM following the Fig. 1c , revealing an average grain size of 6 ± 1 μm, which corresponds to an equivalent, G, ASTM grain size number of 11. This is characteristic of a very fine grain size that improves the strength of the material [21, 22] . However, there is no direct relationship between the grain size and API 5L grade steels with the mechanical properties of a steel as they depend on several aspects such as fabrication route, grain size, and presence of inclusions [22] .
Characterization of steel substrate after cleaning (bare steel)
The steel surface was cleaned for removal of organic materials and rust by immersion in acetone and ethanol, followed by acid etching using hydrochloric acid. According to Tang et al. [23] , the reactions involved in the acid pickling process are shown in Eqs. (1)- (4) and indicate the oxidized layer removal Eqs. (1-3) and dissolution of base metal Eq. (4).
In the sequence, the base metal was immersed in hydrogen peroxide for surface stabilization following Eqs. (5)-(7) [24] [25] [26] .
A comparison between Fig. 2a, c clearly reveals the removal of the loose and brittle oxidized layers upon acid pickling and hydrogen peroxide treatments. EDX spectra (Fig. 2b, d ) also indicate the reduction of oxygen band in the cleaned sample, associated with the dissolution of iron oxides. In addition, the cleaning process also increased the roughness of the steel surface that is crucial for the adhesion of the coating layers. AFM images (Fig. 2e ) also reveal the roughness of the surface with an increase in the root mean square (RMS) parameter (R q ) from 0.6 ± 0.3 to 1.9 ± 0.3 μm after cleaning.
Because metallic materials do not absorb infrared radiation, the FTIR spectrum of cleaned steel (not shown) can only reveal the presence of the metal hydroxides and oxyhydroxides that are expected to be formed after the treatment with hydrogen peroxide.
Characterization of functionalized steel substrate
The contact angle is a relatively simple parameter for investigating the properties of surfaces after chemical modifications. Figure 3 shows the dependence of the contact angle
with the presence of organosilane modifier owing to the introduction of hydrophilic/ hydrophobic species. The contact angles measured from DI water droplets deposited on bare steel and hydroxyl-activated steel surfaces were lower than 10°. These indicate higher wettability of these solid supports when compared with the 3-APTES and 3-GPTMS-modified surfaces that presented contact angles of 69 ± 3° and 57 ± 4°, respectively. The measured values are in agreement with published reports on alkylsilanes as modifiers [27, 28] , and they can be explained based on the hydrophobic characteristic of propyl spacer of 3-APTES and 3-GPTMS organosilanes. In addition, the slightly higher hydrophilic behavior observed for 3-GPTMS-modified steel may be associated to the number of hydrogen bonds that could be established between the water droplet and the organofunctional group, as shown in Fig. 3 . Since the number of sites for hydrogen bond is estimated of 4 per molecule for glycidoxy and 3 per molecule for amine organofunctional groups, the liquid water spreads over the 3-GPTMS-modified surface to a larger extent. FTIR spectroscopy was used to identify the occurrence of surface modification by organosilanes. For 3-APTES (Fig. 4a ) and 3-GPTMS (Fig. 4b) , antisymmetric (ν as ) and symmetric (ν s ) -CH 2 stretching vibration bands are observed at 2940-2920 and 2890-2860 cm −1 [27] , respectively, related to the propyl spacer group of organosilane. The other vibration band that is typical of both silanes is attributed to the asymmetric Si-OSi and Si-O-metal (M) stretching in the 980-1200 cm −1 range. Siloxane bonds (Si-OSi) are formed from the condensation of the silanol groups, and Si-O-M vibrations result from the covalent bonds between silanol groups and metal hydroxyl groups on the surface of steel. In addition, the bands within 3600-3200 and 975-865 cm −1 may be assigned to the stretching and bending vibrations of Si-OH, respectively, owing to the incomplete condensation of silanol formed during hydrolysis [13, 27, 29] . This absence of complete condensation of silanol groups is considered favorable for later adhesion of fusion bonded epoxy resins once it increases and facilitates the penetration of the polymeric resin at the interphase between the metal substrate and the organic polymer [13, 29] . Moreover, characteristic peaks from organofunctional groups of silanes were also detected. In the amino-modified steel substrate (Fig. 4a) , a broad band from 3500 to 3200 cm −1 is attributed to ν s absorptions from N-H overlapped with Si-OH groups, and the bands at 1573 and 1318 cm −1 are associated with the in-plane scissoring bending of primary amines (-NH 2 ) and the stretching of C-N bonds, respectively [27] . The FTIR analysis of glycidoxy-modified support (Fig. 4b ) also presented peaks from CH 2 OCHbonds at 1260 and 854 cm −1 characteristic of the organofunctional group [30] . The detection of these organofunctional groups at the surface indicate that they are available for creation of covalent bonds with the epoxy coating, favoring the adhesion behavior [13] .
To assess qualitatively the distribution of the silane modifier on the surface of the steel samples, FTIR microscopy was also performed on randomly selected areas. The image mappings associated with -NH 2 , Si-O-Si and -CH 2 bands presented in Fig. 5 indicate that the silane adhesion primer is distributed throughout the steel substrate despite the differences in absorbance, once the ATR technique is not directly quantitative. Regarding to the thickness of the silane-based films, it is considered that thin multilayers were formed due to thermodynamics and kinetics conditions used during the functionalization of the steel surfaces [13, 14, 31] . Therefore, the procedure for chemically modifying the steel surface properties can be considered effective.
Characterization of FBE
Thermal treatment of the as-supplied FBE powder at 110 ± 5 °C indicated a moisture content of 0.5 ± 0.1 %. After calcination at 610 ± 5 °C, the weight percentage of resin and inorganic content were calculated as 66.7 ± 3.0 and 32.8 ± 3.0 wt%, respectively. These results are in agreement with the manufacturer specifications that indicate moisture content lower than 6 wt%, inorganic content in the range of 21-43 wt%, and resin content from 52 to 76 wt%. SEM images of FBE (Fig. 6a) revealed that the powder comprises particles of several sizes ranging from 5 to 150 μm, most within 5-20 μm. The backscattered electron images (Fig. 6a, b) shown that the powder is a composite material with inorganic particles (bright) immersed in the polymeric matrix (dark). SEM image of the inorganic filler obtained after resin calcination (Fig. 6c) indicated that the inorganic particles had different sizes and shapes (aspect ratio). The EDX spectra (Additional file 4: Figure S4) show that the smallest (<0.5 μm) and rounded particles are rich in Ti and the acicular particles are calcium silicate. The XRD pattern of this inorganic filler (Fig. 6d) showed that the Ti-rich phase was compatible with anatase (TiO 2 , ICCD, International Centre for Diffraction Data, 84-1286) and that the calcium silicate was wollastonite (CaSiO 3 , ICCD 84-0654). Wollastonite is needle-shaped, and SEM images showed that different grades of aspect ratio (low, medium and high) were present in the material. It is considered functional filler once its acicular particles increase the flexural modulus and lower the thermal expansion and shrinkage, and its fine particle size offers excellent impact resistance. In addition, the relatively high hardness of wollastonite promotes effective scratch and wear-resistance to the composite coating [32] .
FBE resins are usually based on poly(bisphenol A-co-epichlorohydrin) end-capped glycidyl (DGEBA, Fig. 7a ) and dicyandiamide (DDA, Fig. 7b) as the curing agent. The FTIR spectrum obtained from FBE powder (Fig. 7c) under evaluation presented vibrational bands characteristic of these organic components overlapped with the bands associated with inorganic filler. Table 4 summarizes the main vibrational bands observed in the FBE under evaluation [33] [34] [35] [36] . However, as FBE is a thermosetting polymer that cures upon heating, DSC curves can provide information on glass transition temperature (Tg), onset and completion of cure, and enthalpy of cure as the heat flows with increasing sample temperature. The DSC curve of FBE powder is shown in Fig. 8a . The first event that could be seen in Fig. 8a is an endothermic stepwise event associated with the Tg of FBE powder, indicating that at 62 °C, the solid transformed to a viscous material. The second event observed was an exothermic peak related to curing reactions in the range of 140 and 240 °C and heat of cure of 47 J g . It is interesting to note that there was no volatile emission in the TGA curve (Fig. 8c) after the removal of adsorbed water (T < 110 °C, mass loss 0.3 ± 0.1 %), because FBE products usually contain no volatile organic compounds (zero-VOC). The third thermal event detected was the thermal degradation of the polymer, which agrees with the loss mass identified in the TGA curve (Fig. 8c) . The FBE powder underwent thermal degradation beginning at about 320 °C with a mass loss of about 60 % under purge gas. To verify the Tg of the cured polymer and the degree of cure, another experiment was carried out with the following thermal profile: 1st step-temperature increase at 10 °C min −1 up to 245 °C; 2nd step-isothermal curing at 245 °C for 10 min; 3rd stepcooling down to room temperature; 4th step-temperature increase at 10 °C min −1 up to 245 °C. Based on the DSC curves (Fig. 8b) , the Tg of the cured polymer at 245 °C for 10 min increased to 87 °C owing to the increase in the molecular weight of the resin system as a consequence of crosslinking reactions. In addition, there was no endothermic event in the range of 140-240 °C indicating that the resin was fully cured after the thermal treatment. Based on these experiments, the cure temperature information was obtained, and some samples were prepared for evaluating curing reactions using nearinfrared spectroscopy since the changes upon heating are not easily detected using midinfrared spectroscopy due to overlapping and low intensities of vibrational bands [33] . Figure 9 presents NIR-FTIR spectra of the FBE increasing the temperature and time of the curing process. Despite the complex mechanisms and reactions involved in the curing process of DGEBA resin [33, 34, 37] , there is a general agreement about the main crosslinking reactions occurring in the matrix. At low temperatures practically no curing reaction occurs in an epoxy resin based in DGEBA and the cure agent dicyandiamide. Upon increasing the temperature, the curing process starts with the diffusion of the dicyandiamide into the epoxy resin and the reaction between the oxirane rings of DGEBA and primary and secondary amine groups of the dicyandiamide forming hydroxyl groups takes place [33, 37] . As the reaction proceeds, the formed hydroxyl groups can react with cyano and oxirane groups leading to the formation of a highly crosslinked network through pathways that have not been completely elucidated yet and depend on the curing conditions [37] . As predicted by the reactions described above, the intensities of the vibrations associated with the epoxy groups at 4528 cm −1 (ν(CH 2 ) and antisymmetric stretching first overtone of primary amines and a single band of secondary amines, Fig. 9 -Detail III) once the oxirane ring is broken when reacting with amine groups [33, 38] . In addition, the band assigned to hydroxyls at 6985 cm −1 (ν(OH) overtone, Fig. 9 -Detail III) increased initially as a consequence of the epoxy ring opening followed by its reduction at longer reaction times after reacting with oxirane and cyano groups [33, 37, 38] . 
Adhesion tests
Based on DSC experiments, the samples were prepared for adhesion tests, as described in previous section (Experimental Procedure, 2.2.4.2). SEM images of the interface formed by the cured FBE and cleaned steel substrate are shown in Fig. 10 . Upon heating and curing, viscous FBE flowed onto the solid support, and particles boundaries disappeared. A continuous polymeric matrix was formed with inorganic filler as the reinforcing material. No bubbles and interfacial flaws were detected. In addition, the thickness of the epoxy composite was 308 ± 3 µm, in agreement with the specifications of CSA Standard (250-350 µm) [39] . Adhesion tests were initially performed by the Tape Test method that assess the adhesion of a coating to a metallic solid support by applying and removing pressure-sensitive tape over cuts made in the film (ASTM D3359-09) and measuring the amount (%) of the coating that was removed. Figure 11 shows the results obtained for FBE deposited on bare steel (FBE/bare steel), indicating that no coating was removed by the tape (Class 5B [16] ). FBE/3-APTMS-modified steel and FBE/3-GPTMS-modified steel presented the same results.
The pull-off strength of the coating was evaluated using portable adhesion testers according to ASTM D4541-09 [17] . In this method, a tension normal to the surface is applied to a loading fixture (dolly) bonded to the coating, and the force is monitored until the system ruptures or the detection limit of the tester is reached. The equipment used in this experiment exerts a maximum pull-off pressure of about 23 MPa, which is higher than the minimum specification of Petrobras standards i.e., 17 MPa [40] . None of the systems under evaluation (FBE/bare steel, FBE/3-APTMS-modified steel, and FBE/3-GPTMS-modified steel) failed under tension, indicating that the adherence resistance at the interface coating/solid support is higher than 23 MPa. The systems were, then, subjected to shear stress (without loading monitoring) for the removal of the dolly, and the cross-sections of the specimens were observed for failure mode analysis (cohesive failure in FBE coating, adhesive failure at the interface steel/FBE coating, and cohesive failure in metal substrate). Figure 12 shows images (magnification of 20×) of the failure modes. It can clearly be seen a change in the rupture mode from mostly interfacial failure steel/FBE coating to a mixed mode interfacial-cohesive of the FBE for the organosilane modified samples. This behavior was observed to a greater extent for amine-modified steel. The displacement of the rupture from adhesive at steel/FBE interface (bare steel) to cohesive in FBE bulk indicated that the adherence resistance at the interface is higher than at the FBE. Therefore, compared to reference steel and organosilane-modified steel, the improvement in the bond strength of the FBE to the metal support may be associated with interfacial coupling, as previously described in the literature for aminosilanes [13, 29] . Figures 13 and 14 show a schematic representation of the interactions between 3-GPTMS and 3-APTES-silane active surfaces, respectively, and FBE that can enhance 
